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New Retrieval Algorithm for Deriving Land Surface
Temperature from Geostationary Orbiting

Satellite Observations
Li Fang, Yunyue Yu, Hui Xu, and Donglian Sun

Abstract— Accurate derivations of land surface temperature
(LST) and land surface emissivity (LSE) from satellite mea-
surements are difficult because the two variables are closely
coupled. Features of significant/insignificant temporal variations
in LST/LSE are recognized to de-couple both values using
multiple-temporal satellite observations over the same geoloca-
tion. In this paper, a new approach is presented for deriving
LST and LSE simultaneously by using multiple-temporal satellite
observations. Two split-window regression formulas are carefully
selected for the approach, and two satellite observations over
the same geolocation within a certain time interval are utilized.
The method is particularly applicable to geostationary satellite
missions from which qualified multiple-temporal observations
are available. The approach is designed and implemented for
generating the LST and LSE values from the U.S. geostationary
operational environmental satellite (GOES) eight imager data
and the european meteosat second generation (MSG) mission
spinning enhanced visible and infrared imager (SEVIRI) data.
The performance of the algorithm is evaluated in terms of both
accuracy and sensitivity. The retrieval results are compared
against ground-truth observations from the U.S. Atmospheric
radiation measurement facility and six surface radiation budget
network (SURFRAD) stations. The validation results show the
LST retrieval accuracy is around 1.95 K with good correlations
of up to 0.9038. The method is applicable to the future U.S.
GOES-R mission as well as the MSG mission considering that the
advanced baseline imager (ABI) onboard the GOES-R satellites
and the SEVIRI onboard the MSG satellite have similar split-
window bands.

Index Terms— Geostationary operational environmental satel-
lite (GOES), land surface emissivity (LSE), land surface
temperature (LST), matrix inversion approach.
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I. INTRODUCTION

LAND surface temperature (LST), as a key parameter
for the Earth’s surface energy balance is of great value

to research in the fields of climatology, hydrology, mete-
orology, ecology; for example, Running et al. [1] studied
the process of surface–atmosphere interactions using LST
as one of the important parameters. Satellite LST retrieval
provides the feasibility of producing continuous global surface
temperature data sets.

High resolution satellite LST retrieval is usually performed
at thermal infrared (TIR) wavelengths using multi-channel
technique, where temperature and emissivity separation (TES)
is a fundamental problem. In general, surface emitted TIR
radiance is dependent on both surface temperature and
emissivity, where the latter also varies with wavelength. This
is particularly true for most land surfaces where emissivity
can be significantly less than unity. The problem of LST
retrieval from TIR measurements cannot be solved simply
by adding observations at different wavelengths, because
the number of unknowns is always at least one more than
the measurements [2]–[4]. Several attempts have been made
to solve this underdetermined problem by additional con-
straints or prior knowledge, such as spectral ratio method [5]
and Alpha coefficients method [6]. In particular, Wan and
Li [7] presented a numerical method for separating LST
and emissivity utilizing MODerate-resolution imaging spec-
troradiometer (MODIS) onboard the NASA’s earth observing
system (EOS) satellites, which initiated the TES practice using
multiple observations and/or multiple spectral channels [8]
and [9]. Liang [4] further developed an optimization procedure
to constrain errors in the simultaneous determination process
for LST and emissivity. Other techniques, such as the neural
network method [10] has been tried to solve the ill-posed
problem by extracting potential information from training
datasets.

All the above methods for simultaneous retrieval of LST and
land surface emissivity (LSE) depend on a well-determined or
over-determined matrix problem that is built on a multiple-
channel dataset from the satellite infrared radiometer or imager
and spectral radiative transfer equations [11]. Atmospheric
profiles required for solving the radiative transfer equations are
usually obtained through microwave sounder, and are usually
in coarser spatial resolution than the infrared data. Solution of
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the matrix problem may be unreliable as the method is known
to be sensitive to noise of the input data [11] and [12]. In
addition, intensive numerical computation time is required for
processing the radiative transfer equations and for solving the
matrix problem.

Recently, a similar TES procedure was applied to proxy
images of the U.S. geostationary operational environmental
satellite (GOES) R Series (GOES-R) satellites for producing
land surface emissivity from its advanced baseline imager
(ABI) [13]. A split-window (SW) algorithm is applied to the
GOES-R LST retrieval, in which the surface emissivities at
the two TIR channels are assumed [14]. It is assumed that the
high quality LST database will be available by the time the
GOES-R is in operation.

In this paper, we present a simplified TES method, the
matrix inversion approach (MIA), based on two satellite obser-
vations. Instead of applying the radiative transfer model and
the atmospheric profiles for building up the matrix inversion
problem, two SW LST algorithms, which were evaluated in
the GOES-R LST algorithm development, are utilized to derive
LSTs at two time stamps and emissivities at two TIR channels.
The method was briefly reported in 2009 [9]; this paper shows
theoretical details and some evaluation results.

The outline of this paper is as follows. Section II introduces
the principle and implementation of the method. Section III
gives initial results of the method applied to GOES-8 and the
spinning enhanced visible and infrared imager (SEVIRI) data.
A validation effort is made by comparing the retrieved LST
with the ground truth temperature measurements in Section IV.
Sensitivity analysis is provided in Section V. Finally, discus-
sions and conclusions are presented in Sections VI and VII,
respectively.

II. METHOD

Wan and Li [7] first developed a two-measurement algo-
rithm for deriving LST and LSE simultaneously using polar
orbiting satellite measurements of infrared channels. The basic
assumption of this method is that during the two-time mea-
surements (i.e., day and night for the polar orbiting satellite),
the surface emissivities of infrared channels remain the same.
Limitations of this method have been discussed in the LST
community. First, the two-measurement method requires the
measurements from the day and night observations. Since
the polar orbiting satellite is capable of providing only one
observation for each case, the retrieval availability is greatly
limited especially when taking cloud condition into account.
Second, the algorithm is much affected by the assumption that
emissivity of each infrared channel does not vary from daytime
to nighttime. In addition, the algorithm relies on atmospheric
profile, which is obtained in a coarse resolution and may
introduce significant errors, for solving the radiative transfer
equations.

However, it is a promising attempt to extend this two-
measurement approach to extract LST from geostationary-
orbiting satellite observations. High temporal refresh rate of
the GOES satellite observation not only ensures a significantly
large number of the cloud-free data pairs for the retrieval

availability, but also supports the assumption that the surface
emissivity remains the same between a short temporal interval.
If dependency on the radiative transfer process can be excluded
from the two-measurement method, which also implies that
the real-time atmospheric profile information is not needed, it
would be ideal applying this approach to the GOES satellite
mission. To reach this goal, a basic principle of the MIA is
briefly introduced here.

Assuming that there are two established algorithms, F() and
G(), for deriving the satellite LST (Ts) for a given pixel. In our
case, F() and G() represent two linear SW LST algorithms.
When applying these two algorithms to two measurements at
two different times at t1 and t2, we have

Ts,t1 = f0(T11,ti , T12,ti , θti )

+ f1(T11,ti , T12,ti , θti )X1(ε11, ε12)

+ f2(T11,ti , T12,ti , θti )X2(ε11, ε12)

Ts,ti = g0(T11,ti , T12,ti , θti )

+ g1(T11,ti , T12,ti , θti )X1(ε11, ε12)

+ g2(T11,ti , T12,ti , θti )X2(ε11, ε12)

i = 1, 2 (1)

where T11,ti and T12,ti are the brightness temperatures mea-
sured by the satellite sensors around 11 and 12 μm at time ti ;
ε11, ε12 are the emissivities at the two channels; θti is the
satellite view zenith angle at time ti , and θt1 and θt2 are
the same for the geostationary satellite sensor observing a
certain ground area; functions f j () and g j () ( j = 0, 1, 2) are
certain brightness temperature dependencies in the two SW
LST algorithms F() and G(), respectively; X1(ε11, ε12) and
X2(ε11, ε12) are fixed relationships derived from ε11 and ε12,
such as X1(ε11, ε12) = ε11 + ε12/2.

These independent equations can be posed as a linear
algebra problem in the matrix form:

aX = b (2)

where = (Ts,t1, Ts,t2 X1 X2). To be more specific,
⎡
⎢⎢⎣

1 0 − f1(T11,t1, T12,t1, θ) − f2(T11,t1, T12,t1, θ)
1 0 −g1(T11,t1, T12,t1, θ) −g2(T11,t1, T12,t1, θ)
0 1 − f1(T11,t2, T12,t2, θ) − f2(T11,t1, T12,t2, θ)
0 1 −g1(T11,t2, T12,t2, θ) −g2(T11,t1, T12,t2, θ)

⎤
⎥⎥⎦

⎡
⎢⎢⎣

Ts,t1
Ts,t2
X1
X2

⎤
⎥⎥⎦

=

⎡
⎢⎢⎣

f0(T11,t1, T12,t1, θ)
g0(T11,t1, T12,t1, θ)
f0(T11,t2, T12,t2, θ)
g0(T11,t2, T12,t2, θ)

⎤
⎥⎥⎦ . (3)

There are four unknowns (Ts,t1, Ts,t2, ε11 and ε12) in
the matrix X, which can be solved uniquely if the equa-
tions are not singularly posed. Thus, the algorithms F()
and G() must be independent, and the two measurement
(T11,t1, T12,t1), (T11,t2, T12,t2) must be significantly different.
To avoid singularity in the MIA, temperatures at the two
selected times should have significant difference, while the
emissivities at the two-measurement times should remain the
same.

In our application, two SW LST algorithms are utilized
as these established linear regression formulas, f () and g().
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Assuming f () represents the SW LST algorithm developed by
Wan and Dozier in 1996 [15], which is mathematically written
as

Ts = C +
(

A1 + A2
1 − ε

ε
+ A3

�ε

ε2

)
(T11 + T12)

+
(

A4 + A5
1 − ε

ε
+ A6

�ε

ε2

)
(T11 − T12)

+ D(T11 − T12)(sec θ − 1). (4)

Again, in (4), T11 and T12 represent the top-of-atmosphere
brightness temperatures of the TIR channels at 11 and 12 μm,
respectively; ε11 and ε12 are the spectral emissivity values
of the land surface at ABI channels 14 and 15, respectively;
ε = (ε11 + ε12)/2 and �ε = ε11 − ε12; C, A1 − A6, and
D are coefficients; a path-length correction term (T11 − T12)
(sec θ − 1) is used to minimize the water vapor effects with
increasing view angle of the satellite, which cannot be ignored
to geostationary orbit satellites with high orbit altitude [16].
Equation (4) can be rearranged in the MIA in terms of the
unknown matrix X , which is

Ts = [C + A1(T11 + T12) − A2(T11 + T12)

+ A4(T11 − T12) − A5(T11 − T12)

+ D(T11 − T12)(sec θ − 1)]
+ [A2(T11 + T12) + A5(T11 − T12)]X1 (5)

where X1 = 1/ε and X2 = �ε/ε2.
Similarly, if g() stands for the SW LST algorithm developed

by Vidal in 1991 [17], which is written as

Ts = C + A1T11 + A2(T11 − T12) + A3
1 − ε

ε
+ A4

�ε

ε2

+ D(T11 − T12)(sec θ − 1). (6)

Then, the formula will be adapted in the MIA as

Ts = C + A1T11 + A2(T11 − T12) − A3

+ D(T11 − T12)(sec θ − 1) + A3 X1 + A4 X2. (7)

Again, X1 and X2 denote 1/ε and �ε/ε2, respectively.
In our application, all the SW LST algorithms selected for
the MIA are stratified atmospheric conditions (dry/moist) and
illumination conditions (daytime/nighttime).

Similar to the combination of Wan and Dozier and Vidal’s
algorithms (Combination A), another combination of two
algorithms (Coll and Caselles, 1997 [18] and Price, 1984;
Combination B) is derived and implemented for comparison.
The formula and coefficients of these SW algorithms are
listed in Appendix. Among currently available SW LST algo-
rithms [15], [17], [19]–[26], some other combinations are also
feasible to the MIA (e.g., the combination of Ulivieri’s [25]
and Sobrino’s [24]). However, some are not appropriate for
this method because of potential singularity problems or
computational complexity.

III. EXPERIMENT AND RESULTS

A. Experiment on SEVIRI Data

SEVIRI has two TIR channels with central wavelengths of
10.8 and 12.0 μm, which can be applied to the SW LST

(a) (b)

Fig. 1. New algorithm is applied to SEVIRI data for LST retrievals at 11:45
GMT on Nov. 17, 2008, using (a) Combination A and (b) Combination B.

(a) (b)

(c) (d)

Fig. 2. Retrieved emissivity maps for the SEVIRI channels at 10.8 and
12.0 μm from different algorithm combinations. (a) Emissivity at 10.8 μm
using SW Combination B. (b) Emissivity at 12 μm using SW Combination B.
(c) Emissivity at 10.8 μm using SW Combination A. (d) Emissivity at 12 μm
using SW Combination A.

algorithms. The MIA is applied to two time stamps (11:45
and 12:45 GMT on Nov. 17, 2008) of SEVIRI data at these
two TIR channels. Only cloud-free pixels participate in the
inverse process, since SW LST algorithms do not work well
in cloudy conditions.

The derived LST maps at 11:45 GMT using Combination A
and Combination B are shown in Fig. 1. The areas in white
are cloudy pixels. For the winter season, the temperature over
the Southern Hemisphere is relatively higher than that over the
Northern Hemisphere, with localized hot-spots in the Namib



822 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 52, NO. 2, FEBRUARY 2014

(a) (b)

Fig. 3. (a) Map of differences and (b) histogram of differences in the LST
retrievals at 11:45 GMT on Nov. 17, 2008 from Combinations A and B.

(a) (b)

Fig. 4. (a) Map of differences and (b) histogram of differences in the
emissivity retrievals at 10.8 and 12 μm from Combinations A and B.

Desert and Kalahari Desert areas. The Sahel, a desertification
area between the Sahara desert and the Sudanian savannas
is slightly warmer than the tropical rainforests region in
central Africa. The simultaneously retrieved emissivities at
10.8 and 12.0 μm based on these two combinations are shown
in Fig. 2. More stable emissivity retrievals are obtained by
the algorithms of Combination A, which not only captures
reasonable emissivity distribution but also shows possible
changing details. The regions covered by dense vegetation
possess high emissivity values, such as tropical rainforests
in central Africa and eastern littoral in Brazil, while desert
regions apparently own low values, such as the vast area in
the Sahara Desert, arid region of Sahel, and rugged mountain
region in southeastern Brazil.

For showing differences in the retrieved LST results using
different algorithm combinations, comparison between the two
algorithm combinations is represented in graphic view in Fig. 3
on the left, and the statistical distribution of the difference
is shown on the right. Similarly, differences in the retrieved
emissivities are shown in Fig. 4, graphically on the left and
statistically on the right. The variation in LST retrieval is very
minor, with over 95% pixels within 0.5 K. This implies the
stability of this method. For the experiment on GOES data
and the following validation effort, Combination A is applied
and tested only.

(a)

(b)

Fig. 5. New algorithm is applied on GOES-8 Imager data for LST retrievals
at (a) 9 a.m. and (b) 10 a.m. on July 14th, 1997.

B. Experiment on GOES Data

ABI onboard the GOES-R satellites will acquire data in 16
channels from the visible to infrared wavelengths, of which
two TIR channels centered at 11.2 (Channel 14) and 12.3 μm
(Channel 15) are designed especially for LST retrieval. Con-
sidering that the current GOES-8 Imager data is utilized as
proxy data for GOES-R LST algorithm development, it is used
for evaluating this method as well. It is desired that the method
is applicable for the GOES-R mission.

The new TES method using Combination A is applied to the
two GOES-8 observations acquired at 9:00 a.m. and 10:00 a.m.
on July 14th, 1997. Similar to the application on SEVIRI,
cloud-free pixels are chosen for inversion based on cloud mask
(available from NOAA GOES Surface and Insolation Prod-
ucts). Fig. 5 shows the LST retrievals at 9 a.m. and 10 a.m.,
and Fig. 6 shows the retrieved emissivities at 11 and 12 μm.

The spatial variation of retrieved temperatures shown in
Fig. 5 is mostly latitudinal. The majority of the southern area
is warmer than the northern counterpart. The highest temper-
atures appeared in the region of low latitudes, like southern
Texas, besides extremely high temperatures detected in the
arid, hot desert in southeastern California. The emissivity of
northwestern U.S. Continent is generally higher than that of
southeastern U.S. This distribution is similar to that of the
MODIS monthly emissivity product [27].
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(a)

(b)

Fig. 6. Retrieved emissivity at (a) 11 and (b) 12 μm on July 14th, 1997.

IV. VALIDATIONS

Validation of satellite LST retrievals is always challenging
due to a verity of reasons. The spot-to-pixel variance is
one of them. The mismatch of ground point measurement
and 4-km GOES pixel in validation process itself is a big
topic. The ground LST measurements particularly for LST
validation purpose (e.g., field campaign) are rare and very
expensive. It is almost impossible trying to use them for
a comprehensive LST validation study (i.e., with enough
number of data pairs for statistical significance and covering
difference atmospheric/seasonal/geographic conditions). While
researchers are conducting studies on such problems [16],
the spot measurements of ground data are still being widely
used for general evaluation of the satellite LST products. In
this paper, we followed the traditional validation approach of
using ground measurements, including the U.S. Atmospheric
Radiation Measurement (ARM) and Surface Radiation Bud-
get Network (SURFRAD). The observations from ARM
and SURFRAD have also been used by many other sci-
entists to validate satellite-based LST retrievals [28]–[30],
partly because of their operational availability, providing large
amount of data covering enough long time.

Although the proposed method derives the LST and LSE
simultaneously, it is worth noticing that the focus in this paper
is LST retrievals. The advantage of MIA is trying to develop
a method of LST derivation without knowing the LSE prior.
The comprehensive validation of LSE is more complicated
than that of LST. We were not trying to validate both LST

Fig. 7. Validation results for the LST retrievals, using the dataset from U.S.
atmospheric radiation measurement (ARM) facility.

TABLE I

LIST OF ARM AND SURFRAD OBSERVATION SITES

Site No. Site Location Lat(N)/Lon(W) Surface Type*

1 ARM 36.607/97.489 Partial
vegetation

2 Bondville, IL 40.05/88.37 Crop land

3 Fort peck, MT 48.31/105.10 Grass land

4 Goodwin
creek, MS 34.25/89.87 Deciduous

forest

5 Table
mountain, CO 40.13/105.24 Crop land

6
Desert rock,

NV 36.63/116.02
Open Shrub

land

7
Pennsylvania

state
university, PA

40.72/77.93 Mixed forest

and LSE in a single paper. Therefore, the validation effort
focused on LST retrievals in this paper.

A. Validations Against ARM Ground Data

The Near-Surface Observation Data Set-1997 (NESOB-97)
from ARM facility is utilized to validate the LST retrievals
from the new TES retrieval algorithm. The continuous tem-
perature observations with thirty-minute interval were acquired
at the ARM Cloud and Radiation Testbed (ARM/CART) site,
which is located at Lamont, Oklahoma (36.607°N, 97.489°W).
A brief description about ARM site is presented in Table I.
Multi-filter radiometer is used to detect the diffuse/total
upwelling irradiance, which is then converted to the skin
temperature based on the NOAA/Atmospheric Turbulence and
Diffusion Division algorithm [31] and [32]. The error that may
be introduced by the radiometer is about 5%.

The LSTs retrieved from cloud-free GOES-8 thermal
infrared measurements over a whole month (July 1997) are
compared with the ARM ground-based observations at the
same location and at the same time. Fig. 7 shows the scatter
plots of retrieval result for totally 317 cases. The mean
absolute error and standard deviation of the difference of
inversed and ARM measurements are 1.66 and 1.544 K,
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TABLE II

GROUND-BASED OBSERVATIONS AND RETRIEVED TEMPERATURES

Date Retrieved Temperature Ground-Observed Absolute Differences Retrieved Emissivity Retrieved Emissivity

t1:9a.m., (RT) Temperature (GT) Between at at

t2:10a.m. (K) (K) GT and RT Channel 4 Channel 5

07/10/97 (t1) 295.82 295.48 0.34 0.96188 0.95387

07/10/97 (t2) 295.56 295.09 0.47 0.96188 0.95387

07/12/97 (t1) 296.14 296.24 0.10 0.97147 0.9684

07/12/97 (t2) 296.17 295.83 0.34 0.97147 0.9684

07/14/97 (t1) 296.62 297.18 0.56 0.93849 0.92109

07/14/97 (t2) 297.05 296.98 0.07 0.93849 0.92109

07/24/97 (t1) 297.33 297.66 0.33 0.96316 0.95656

07/24/97 (t2) 297.70 297.46 0.24 0.96316 0.95656

07/25/97 (t1) 297.86 297.16 0.70 0.95739 0.94943

07/25/97 (t2) 297.83 296.68 1.15 0.95739 0.94943

07/27/97 (t1) 296.68 297.44 0.76 0.96353 0.95398

07/27/97 (t2) 296.35 296.28 0.07 0.96353 0.95398

07/28/97(t1) 297.57 297.94 0.37 0.95829 0.94913

07/28/97(t2) 297.06 297.83 0.77 0.95829 0.94913

respectively. To take a closer look at the regression result, the
retrieved LST and LSE, the ground-measured temperatures,
as well as the biases of seven cases (as representatives) are
listed in Table II. Overall, the satellite-retrieved temperatures
match the ground observations very well. The skin temperature
shows an overall increase by 1.24 K from July 1st to July 28th
with smaller fluctuation in between. The retrieved emissivity
at 11 μm differs very little from that at 12 μm with the mean
absolute difference of merely 0.0088. We also notice from the
retrieved emissivity that the emissivity varies within the month
at the rate of 3.4%.

B. Validations Against SURFRAD Data

Validation effort is further conducted by comparing
retrievals against in situ measurements from SURFRAD.
It continuously monitors components of the surface radia-
tion budget, which is then converted to skin temperatures.
References [33] and [34] give more information about the
instruments and observations of SURFRAD. Brief informa-
tion about SURFRAD experimental sites (e.g., site location,
associated surface type) has been presented in Table I.

One month SURFRAD data (July, 2002) over six stations
have been selected to validate the performance of MIA. Since
LST retrieval algorithms are sensitive to cloud conditions, it
is only applied to cloud-free pixels to calculate LSTs and
emissivities. The cloud fractions datasets are available from
NOAA GOES surface and insolation products (GSIP). Fig. 8
shows the scatter plot of the regression results of totally 2341
cloud-free cases. Validation effort against SURFRAD shows
the similar accuracy to the ARM results. The mean absolute
error and STD of differences between retrievals and ground
observations is 2.32 and 1.953 K, respectively.

V. SENSITIVITY ANALYSIS

The algorithm errors come from several sources. First,
the algorithm may inherit the uncertainty of split-window

Fig. 8. Validation results for the LST retrievals, using the dataset from
SURFRAD facility.

algorithms themselves. The accuracy and sensitivity of split-
window have been carefully studied in previous literature.
Nine split-window algorithms have been applied to GOES
eight measurements, as a proxy for the new generation of
GOES series, and the performance of these SW algorithms has
been evaluated [14]. The result indicates that the uncertainty
can be controlled at level of 0.5 K. Another error may be
attributed to the singularity problem of the retrieval method,
which would occur when the equations in the matrix problem
are very close in value. In addition, the quality of algorithm
input (BT observations) may also cause the uncertainty.

To quantitatively estimate the uncertainty brought in by the
noise in BT observations, a simulation dataset has been built
through a forward simulation process using MODerate resolu-
tion atmospheric TRANsmission (MODTRAN). To make the
simulation dataset more representative, many variations have
been taken into account, including characteristics of instru-
ment, solar and satellite geometry, surface conditions, and
atmospheric condition. After running the simulation process,
14 822 data pairs (two-time modeled brightness temperatures
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Fig. 9. LST sensitivity to sensor noise for different surface types.

Fig. 10. Emissivity sensitivity to sensor noise for different surface types.

TABLE III

INFORMATION ABOUT SIMULATION DATASET

Variable Description/Range Units

Surface type Forest, shrub, savannas –

grassland and urban

LST 210.8–314.8 K

Brightness temperature 208.399–313.915 K

Solar zenith angle 25.69–178.95 Degree

Viewing angle 0–8 Degree

at 11 micron and 12 micron and associated with prescribed
LST, geometry, surface type, and emissivities) are produced.
A detailed introduction about the simulation datasets is given
in Table III.

Noises at different levels are then added to the simulation
datasets. The temperature uncertainties for different surface
types are shown in Fig. 9. The LST uncertainty presents
a similar upward trend for all land types as sensor noise
increases. The uncertainty can be significant as high as 4 K
if brightness temperature error reaches 1 K. Fig. 10 gives the
results for emissivity retrievals. The emissivity uncertainty can
reach as high as 0.13. Some surface types turn out to be more
sensitive to sensor noise (e.g., shrubs and needle forest), while
some land types stay at the same accuracy level even though
the noise of BT is on the rise.

VI. DISCUSSION

Some issues relevant to the new TES algorithm need fur-
ther discussion. Singularity is a serious concern for the new
algorithm. Equation (2) is theoretically solvable even when
the two time measurements are slightly different. However,
when the two measurements are too close in value, the
solution would be inevitably significantly affected by the
random noise in the data. Cautions, therefore, must be taken
to avoid singularity of (2). First, the brightness tempera-
tures (T11, T12) must be significantly different from different
observation times to guarantee a reliable retrieval. Usually,
a sufficient time interval between the observations can result
in significant temperature difference. However, large time
interval may break the emissivity constancy. Other authors
experienced the similar problem. Watson (1992) pointed out
that two-measurement method required distinct temperature
and emissivity invariance, which is not easy to be satisfied
at the same time, particularly for the polar-orbiting satellite
data [35]. In our practice, the most stable results were obtained
when the temporal interval between the two measurements is
set in a range from one to three hours, which ensures sufficient
temperature difference and emissivity constancy at the same
time. Similar temporal interval is reported by Li et al. [13]
and Yu et al. [9]. Second, the applied SW LST algorithms,
F() and G(), should be independent. It is not sufficient to
identify whether the two SW LST algorithms are independent
from their formula. Experimental testing using actual satellite
data is important as well. In this paper, we use two sets of
the SW LST algorithms developed by Yu et al. [14], which is
part of their LST algorithm development for the U.S. GOES-R
satellite mission. The experimental results have demonstrated
the feasibility of the MIA in practice.

It is worth mentioning that the time interval does not have
to be fixed to a certain value (e.g., three hours) all the
time. When the measurements at three-hour interval are not
available for some reasons, such as cloudiness, the algorithm
could automatically search for observations at other time
stamps within the allowed time interval (one–three hours).
Considering that geostationary satellites usually can provide
high temporal observations (e.g., 15 min refresh rate of GOES
Imager), more data pairs would be available for the MIA
retrieval process. This flexible selection method will increase
the number of qualified pairs of observations, which is of great
value to operational production of LST product.

Further, even though multiple in-situ measurements
(SURFRAD and ARM) were adopted for validation in this
paper, the research on the mismatch of in-situ point measure-
ment and satellite pixel observation was limited. Future studies
will consider approaches that bridge the gap between point
measurements and pixel observations. One possible way to
deal with this scale disparity issue is building a spatial scaling
model based on high resolution satellite data, such as ASTER
or MODIS data.

Finally, we found that the solution for emissivity is not as
stable as that for temperature, which may result in falsely
retrieved emissivity, either negative or greater than one. The
sensitivity to emissivity is understandable, which inherits
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TABLE IV

FORMULA AND COEFFICIENTS OF SPLIT-WINDOW ALGORITHMS

1) Formula

No Formula Adaptation Reference

1
Ts = C + (A1 + A2

1−ε
ε + A3

�ε
ε2 )(T11 + T12)

+(A4 + A5
1−ε
ε + A6

�ε
ε2 )(T11 − T12) + D(T11 − T12)(sec θ − 1)

Wan & Dozier (1996)

2 Ts = C + A1T11 + A2(T11 − T12) + A3
1−ε
ε + A4

�ε
ε2 + D(T11 − T12)(sec θ − 1) Vidal (1991)

3
Ts = C + A1T11 + A2(T11 − T12) + A3(1 − ε11) + A4�ε

+ D(T11 − T12)(sec θ − 1)
Coll & Valor (1997)

4
Ts = C + A1T11 + A2(T11 − T12) + A3(T11 − T12)ε11

+A4T12�ε + D(T11 − T12)(sec θ − 1)
Price (1984)

* Combination A is formed from Algorithm No. 1 and 2
* Combination B is formed from Algorithm No. 3 and 4

2) Coefficients

Daytime – Dry atmosphere
No C A1 A2 A3 A4 A5 A6 D
1 1.535302 0.498186 0.059560 −0.146023 2.063007 1.340025 −1.889601 0.450768
2 0.659064 0.999553 1.593687 32.712996 −80.133336 – – 0.451102
3 0.625987 0.999581 1.593094 34.802239 −66.959970 – – 0.451273
4 1.382718 0.999334 7.431078 −5.998309 −0.352476 – – 0.469732

Daytime – Moist atmosphere
No C A1 A2 A3 A4 A5 A6 D
1 −4.154069 0.506508 0.052156 −0.116443 2.605759 −0.159998 4.670031 0.377953
2 −4.963992 1.015891 2.082987 29.976879 −60.828114 – – 0.378838
3 −4.989946 1.015908 2.082698 31.806553 −48.164224 – – 0.378961
4 −4.443319 1.016381 17.367623 −15.632429 −0.208873 – – 0.387167

Nighttime – Dry atmosphere
No C A1 A2 A3 A4 A5 A6 D
1 0.188587 0.500759 0.059167 −0.162152 1.954092 1.314697 7.809722 0.463188
2 −0.655825 1.004673 1.460630 32.057728 −85.508048 – – 0.464989
3 −0.683713 1.004681 1.459900 34.157634 −72.925987 – – 0.465384
4 0.215850 1.003838 7.180705 −5.865579 −0.381284 – – 0.473137

Daytime – Moist atmosphere
No C A1 A2 A3 A4 A5 A6 D
1 12.904747 0.476807 0.051345 −0.112504 3.025176 −0.951041 2.529027 0.421439
2 12.192170 0.956169 2.522419 28.736995 −62.534230 – – 0.421464
3 12.168215 0.956179 2.522171 30.515867 −50.602618 – – 0.421552
4 12.555472 0.957078 16.607601 −14.416924 −0.237603 – – 0.432226

*Daytime: Solar zenith < 85 degree; Night time: Solar zenith >= 85 degree
*Dry atmospheric condition: atmospheric total column water vapor <=2.0 g/cm2

Moist atmospheric condition: atmospheric total column water vapor > 2.0 g/cm2

from the problem that most SW LST algorithms suffer.
Yu et al. [14] analyzed the emissivity sensitivities of nine
SW LST algorithms and indicated that small uncertainty in
emissivity could cause significant uncertainty in LST retrievals
(over 3 K). One option to minimize the effect brought by
uncertainty in emissivity is to find the optimal combination
from those SW LST algorithms that are less sensitive to
emissivity. According to the previous research, SW algorithms
developed by Prata et al. and Ulivieri et al. [14] showed low
sensitivity to emissivity since the emissivity difference is not
introduced in the algorithms.

VII. CONCLUSION

According to the unique characteristics of geostationary
satellite observations (e.g., GOES, SEVIRI) with frequent
observations, the MIA was presented in detail to retrieve
temperature and emissivity simultaneously from two-time TIR
observations of geostationary satellites. Examples were given
to show how to derive LST and LSE from the MSG/SEVIRI

and GOES/Imager data. The new method has the advantage of
simplicity in using two measurements within a period of time
without having to solve radiative transfer equations. The flexi-
bility of integration of the established LST retrieval algorithms
makes the method easy to implement. Two combinations of
SW LST algorithms were adapted in this method, and both
produce satisfactory retrieval results. Validation results demon-
strated that the TES algorithm is capable of simultaneously
deriving qualified LST and LSE with good retrieval precision.

Further study is necessary for the completeness and practi-
cality of this algorithm. First, only two combinations of SW
LST algorithms have been selected and implemented here.
Combinations of other existing SW LST algorithms are also
feasible in theory and effective in practice, but their retrieval
precision and stability need to be examined.

Second, singularity is still the major concern for the new
algorithm. More experience in future is needed to gain deeper
understanding on how to choose optimal data pairs with both
independent temperatures and constant emissivity. Finally, this
algorithm is assumed to be applicable to the next generation
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of GOES-R satellites. Even though it works well in the test
of GOES-8 data, other problems may occur when applied to
the actual GOES-R data. The MIA would probably need to
be adjusted to the specific characteristics of GOES-R data in
practice.

APPENDIX

Formula and coefficients of split-window algorithms are
shown in Table IV.
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